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MEMORIZING CHROMIC RESPONSE TO PRESSURE 
by  
Maulik Kiritkumar Padh 
 
Almost all appliances are prone to mechanical stress in one form or the other. An 
increasing dependence on machines in daily life calls for a need to increase their 
maintenance quality. Various materials, methods and configurations to observe 
mechanical pressure have been devised and this paper discusses one such technique. 
The use of gold nanoparticles in its one dimensional array causes plasmonic coupling 
between the nanoparticles, which when disrupted creates a plasmonic shift in its 
assembly. Such a film, when casted on a polymer with a known elastic limit, causes 
deformation by an application of stress. This forces the film to undergo plasmonic shift 
permanently and this is sensed with a change in colour. Because of plastic deformation, 
the colour remains intact even after the removal of pressure. Analysis of extinction 
profiles of nanoparticles have been carried out which demonstrates the proof of concept 
under a wide range of stresses. The colour change depends on the duration of 
application of stress and the value of stress itself. This is one of the earliest attempts to 
develop a colorimetric pressure-responsive film which memorizes the colour change by 
using gold nanoparticles. In this thesis, an attempt is made to investigate the feasibility 
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1.1 Role of Pressure Sensors 
Pressure is a force that resists the external stimuli against deformation of the solid and 
is calculated as force per unit area. Depending on the amount of pressure applied, a 
signal is triggered in this sensor and therefore it can also be considered as a transducer. 
Type of signal is the key difference. Such a signal can be electrical, thermal, optical, 
magnetic, acoustic or simply a change in colour. Pressure sensors are of different types: 
Altitude pressure sensors which are useful in aircraft, satellites, weather, and barometric 
applications; To measure liquid flow, we use Flow sensors which are based on 
differential pressure measurements; Leak sensors are used to measure pressure decay.  
          This thesis focuses on the influence of pressure on solids. Typical pressure 
sensing applications range from common everyday uses and life support to exotic 
investigational devices. Devices addressing measurements such as friction, stretch and 
strain detection, collision with a surface and other such applications, benefit from 
advancing Mechanochromic sensor technology. Many technologies, for the purpose of 
manufacturing the pressure sensors, include semiconductor piezo resistive, strain 
gauge, microelectromechanical structures (MEMS), mechanical deflection, and 
vibrating capacitance. 
          This technology also exploits the mechanical properties of a liquid to measure its 
pressure. This property is the material’s viscous flow, which is dependent on the 
duration of stress and its intensity. There will be a reaction to this stress, which will be 
detected by the colour change 
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1.2 Colorimetric Pressure Indicating Film 
This pressure indicating film would be unique, affordable and easy-to-use tool that 
identifies the distribution, duration and magnitude of pressure between any two 
contacting or impacting surfaces. The best part of this pressure indicating sensor film 
is that the films are extremely thin (4 to 8 mils) which also helps in finding the stress 
of curved surfaces. Such films are an alternative to electronic transducers which are not 
useful in tight spaces and intolerant environments.  
          Technologies have started to greatly rely on the “Nano” world as they exhibit 
special property due to the structure and dimension, which is greatly different from the 
particles we call as bulk materials. The size of interest is usually from 1-1000 nm. They 
can absorb as well as scatter the light in different directions and in different conditions. 
It is because of this reason that we can observe colour change due to external stimulus. 
Special property of nanoparticles is that the properties differs greatly in terms of an 
individual particle and a group of such particles. The particles in close proximity starts 
interacting and if they are arranged in a fixed pattern, then the force of a particular form 
starts acting. The uniform force makes them act like a single unit and thus exhibit 
unique properties. This unit can be manipulated by handling their patterns, which will 
reveal their assembly and disassembly behaviour. The type units will help to form 
stimuli-responsive materials which are famously known as “Smart Materials”. [49] [50] 
          The Gold nanoparticles used are approximately of size 15 nm. In this analysis, 
AuNPs are studied as a reference to understand the effect of external stimuli to the 
films, which are designed for the pressure sensing purpose. An attempt to understand 
the same effect, if the gold is replaced by silver nanoparticles, is carried out in this 
thesis.  
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1.3 Working Principle 
It is the relationship between stress and irreversible viscous deformation that governs 
the principle of this film. The composite film is basically a casting of a homogeneous 
mixture of AuNP chains with polymer solution. The relationship makes use of Kelvin-
Voigt model and Newton’s law of viscosity which are explained afterwards. Using them 










where, extent of deformation, ε, is proportional to the intensity of the applied stress σ 
and duration time t0 and is inversely proportional to the viscosity of the material η. 
 
          Pressing or stretching of the film results in an increasing inter-particle distance 
which weakens the Plasmon coupling. The shift in the position of the Plasmon band is 
related to the extent of film deformation for a given period and is proportional to the 
applied stress. This is how a film with a property of stress memory is produced which 
gives an output with a colour change. [51] [52] 
          The film is placed between any two surfaces that touch, mate or impact. When 
pressure is applied for a brief amount of time and removed, the film reveals the pressure 
pattern that occurs between the two surfaces for that specific duration of time. The 
intensity of colour on the film is directly related to the amount of pressure applied for 
a given period of time. It can be used in a bolted joint interface, composite layout, heat 
sealing and lamination or press, as a force sensing resistor. It has various measuring 
applicability such as surface pressure distribution in terms of an impact force sensor, 
seat pressure sensor, as a strain gauge or even as nip impression paper. 
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1.4 Surface Plasmon Resonance 
In a subwavelength scale nanostructure, surface plasmon resonance is plasmonic in 
nature. Photons are the constituent particles of electromagnetic radiation. Thus, any 
travelling light consists of photons of a particular frequency and wavelength. The 
surface of metals consist of electrons which are oscillating against the restoring force. 
When the frequency of the incident light matches the natural frequency of these surface 
electrons, it gives rise to the resonance condition. In short, SPR is the conduction of 
electrons oscillating in its resonant frequency at the interface, stimulated by an incident 
light between the positive and negative permittivity material. It is considered to be the 
fundamental principle behind the bio-sensor applications which are colour based.  
LSPRs are localized surface plasmon resonances and represent oscillation of collection 
of electron charges in metallic nanoparticles, caused by the irradiation of an incident 
light. At resonance wavelength, the near-field amplitude is enhanced. Magneto-optical 
effects are also enhanced by LSPRs due to the enhanced near-field amplitude. [53] [54] 
 
1.5 Plasmon Coupling 
When the nanoparticles are arranged in close proximity, they will undergo LSPR. In 
case of AuNPs, this excitation of plasmon is controlled by arranging it in linear chains. 
Because of this formation, the nanoparticles would interact, resulting in the effect 
known as “Plasmon Coupling”. By virtue of the separation between these particles, 
designing such pressure sensors are possible. 
          When an assembly of nanoparticles has been formed, there are usually two types 
of interactions that are common: Near-field and Far-field coupling. The difference is in 
the inter-particle distance with respect to the size of nanoparticles. If the distance is 
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much smaller than the NP size, then the dominating interaction is near-field coupling 
with d⁻ ³ dependence (d is the inter-particle size) because there is a short-range 
electromagnetic field interaction between adjacent nanoparticles of the range of tens of 
nanometres. The near and far field plasmon coupling can be changed by changing the 
inter-particle distance. 
 
1.6 Surface Plasmon Band 
For the absorption spectrum in UV-visible range for metal nanoparticles bigger than 5 
nm, there is a strong and broad band observed, known as Surface Plasmon Band (SPB). 
Such types of bands are only exhibited by the nanoparticles of gold, silver and copper. 
Usually, all metals have predominant quantum effects rather than surface plasmon 
bands. The parameters that decide the shape, position and intensity of SPB are as 
follows:  
a) Dielectric Constant of surrounding media.  
b) The electronic interactions between the stabilizing ligands and nanoparticle. 
 
1.7 Assembly 
Previously, experiments were carried out to disassemble the AuNP chains; however, 
these experiments failed to do so. Also, it was believed that it was ethanol which caused 
the assembly of gold nanoparticles. But, later on, it was found that it was the residual 
salt in conjunction with ethanol that helped in the assembly process. Moreover, it was 
the dilution of salt that would disassemble the linear assembly if the AuNPs were under 
the protection of stronger ligand. The main job of ligand is to make sure that the 
nanoparticles do not aggregate into its bulk form. Thus, there was a need of a 
modification which would improve the short ranged repulsions. This was possible by 
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replacing the existing ligand with a stronger one which helped to strengthen the short 
range repulsions. This was necessary in order to avoid a permanent aggregation when 
the assemblies are formed. Thus, by virtue of the chemical addition or temperature 
change or any other such external stimuli, assembly and disassembly of AuNPs were 
manipulated in order to obtain different colour output, by utilizing the colloidal 
interactions. [55] 
           In short, there is an effect on higher architecture due to assembly of the structure 
at its nano scale and interaction amongst themselves. So the placement of these 
nanoparticles remains crucial as it controls the nature, property and behaviour at the 
macroscopic level. This requires to establish guidelines for process optimization and 
engineering methods to assemble in order to obtain a specific structure. From this, we 
can derive structure-property relationships so that we can predict how a particular 
structure would perform. This composite film helps in fabricating hierarchically 
ordered materials that has specific structures and performance that covers a long range 
















BEHIND THE CURTAIN: MATERIALS AND THEIR PROPERTIES 
 
Mechanochromic materials respond to an external pressure by changing colour. But the 
drawback of such materials is that they can be used only for in situ applications as they 
cannot retain the colour change for a longer duration of time and so it becomes difficult 
to measure the amount of mechanical force applied. The present study discusses a type 
of film which can retain the colour change for a longer duration of time even after the 
removal of pressure. This property of memory is possible due to the polymer’s intensity 
and time-dependent viscous flow when an application of mechanical stress is 
experienced. The polymer undergoes plastic deformation because of this stress, forcing 
the AuNP chain to disassemble and result in a shift of plasmonic band. This depends 
on the applied mechanical stress. 
          Materials used are mainly metallic nanoparticles. In their bulk form, they have a 
specific natural colour and the only visible interaction with the light, that can be 
observed, is reflection. Nanoparticles in the form of Colloidal Solution has some ground 
breaking applications in recent times. Here, we review gold nanoparticles and use its 
solution to analyse if we could use silver nanoparticles with similar applicability and 
properties. Colloidal gold is one of the most important colloidal suspensions due to its 
excellent size, shape and optical properties. The phenomena that has been utilized is 
known as Localized Surface Plasmon Resonance (LSPR). We will be discussing 
various properties of both gold and silver nanoparticles. [56]  
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2.1 Colloidal Gold 
Interaction of any material with light decides its optical properties. Nanoparticles offer 
small size, shape and colour properties. While discussing metallic nanoparticles, we 
take into consideration how they absorb and scatter light. Colloidal Gold is incredibly 
efficient in terms of absorbing and scattering light. It has wide range of colours which 
covers the entire spectrum and also has a colourless form. These colours depend on 
various factors such as size, shape, local refractive index, aggregation state and is a 
result of a LSPR. 
          Metallic nanoparticles can be produced from any metal, but the noble metals win 
the race, as they have the chemical inertness against most environmental conditions. 
The selected candidates for this task are gold and silver. This is due to the reason that 
LSPRs of different metals have different energies which necessarily do not fall in the 
visible spectrum. Nanoparticles of cadmium, indium, mercury, tin and lead are 
colourless. Gold nanoparticles of 20nm spheres have their LSPR peak at 520 nm which 
is of red colour.  
2.1.1 Optical Properties 
Optical properties depend on the effect of size, local refractive index and aggregation 
of gold nanoparticles. The larger the nanoparticle size, higher will be the wavelength 
of the light that it can absorb. Absorption is known by observing the peak of LSPR 
absorption at a particular wavelength.  
          In the present analysis, the composite film is fabricated by casting a nanoparticle 
assembly on a polymer (ligand). This plays a vital role in examining the effect of local 
refractive index on its optical properties. The refractive index of the solution is decided 
by the surroundings of the nanoparticle, which further defines the optical property of 
the gold nanoparticles. So, the ligands and the solvent also acts as important parameters 
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to influence the optical properties. The higher the refractive index, the shift of 
nanoparticle LSPR will be towards the longer wavelength. 
          The aggregation of nanoparticles is evident because we are considering assembly 
of NPs and so, when the overall effective formation size, shape and dielectric 
environment changes, there will be a change in its optical properties. It is known that 
the colour of the colloidal gold has a bright red colour. But it is the LSPR which decides 
the emission of colour and will dictate the optical properties. In short, when the LSPR 
frequency is in the visible region, the spectrum of gold nanoparticle will be coloured. 
[57]. 
2.1.2 Selection of the Gold Nanoparticles 
The size selection of nanoparticles is crucial for this experiment because only the 
spheres of diameter greater than 9 nm or lesser than 100 nm will have its LSPR maxima 
between 517 to 575 nm which has red shades and will red-shift towards violet. For gold 
nanoparticles of diameter 30nm, the LSPR causes the light to be absorbed at 450nm 
(blue-green colour of spectrum). This light will be reflected at 700nm, which is in bright 
red part of the spectrum. With increase in size of the nanoparticle, LSPR will keep on 
shifting towards the longer wavelength and will keep on reflecting more and more red 
colour. Now, as the particle starts reaching the dimension of bulk materials, the 
wavelength will enter the infrared region and the visible wavelengths are all reflected 
back giving the AuNPs clear to translucent colour. To sum up, LSPR can be tuned as a 
function of size and shape of the AuNP, resulting in various optical applications. 
          Apart from size, it is the shape that determines the LSPR peak. With the change 
in shapes, for example, sphere, triangle, cube, prism, rod or ellipsoid, we can see the 
difference in the values of LSPR peaks and will lead to a variety of LSPR properties.  
Different shapes have different number of LSPR peaks, i.e. spherical nanoparticle has 
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single maxima, rod-like has 2 maxima (longitudinal and lateral). The LSPR of spherical 
nanoparticle is red-shifted by a large amount before entering near-infrared region. 
          An important aspect to note is that the localized surface plasmon resonance peaks 
are very sensitive to the thickness of the gold layer and so if we consider a nanoshell 
coating of a silica sphere and a solid gold nanosphere, the former will be red-shifted 
compared to the latter. As discussed earlier, the surrounding environment plays an 
important role in defining its optical property. It is the nature of the ligand and the 
nature of the bulk medium that will decide the LSPR maxima of the nanoparticle. For 
example, if we take into consideration a 5.2 nm Au NP and if the solvent is changed 
from 1.33 to 1.55 (refractive index), then there is an 8 nm red-shift in the peak. It is to 
be noted that scattering is the main tool which helps the chromic response. It is much 
more efficient than fluorescence. For a 80 nm Au NP and a blue light of 445 nm 
wavelength, it will scatter 106 times more than fluoresce in.  
          It is important to prevent unwanted aggregation of nanoparticles and for that, a 
layer of ligands coating is attached to their surfaces. To understand this, if we consider 
a 5.2 nm diameter spherical Au NP, then there are approximately 2950 atoms in the 
surroundings and most of them are on the nanoparticle’s surface.  
          Modification of LSPR is also noticed by the addition of excess salt to the solution 
and the surface charge neutralizes on the Au NP, helping them to aggregate with much 
ease. This will cause the colour change from red to blue. By coating the nanoparticles 
with polymers or small molecules or some ligands, the aggregation minimizes by the 
virtue of surface chemistry. This modification has innumerable applications in 
chemical, biological, engineering and medical applications. Thus, different ligands will 
give different levels of stabilization and different chemistry and on combining this with 
the chromic properties of metallic nanoparticles, they give rise to wide range of optical 
applications and result in innovation in “smart” technologies. 
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2.2 Colloidal Silver 
 
Colloidal silver is a solution of liquid in which silver nanoparticles are suspended. It 
has a major medical application as it is claimed to have “cure-all” properties. It has a 
distinct thermal, electrical and optical properties which can be used in sensor 
technologies. The main properties of Ag NPs are their high electrical conductivity, 
stability and low sintering temperature. There is an increase in the demand of 
antimicrobial coatings and significant research has been carried out on that front. The 
increase in the medical treatment is due to the fact that the medical devices containing 
Ag NPs release low level of silver ions that provides protection against bacteria.  
          In order to optimize the performance of the device, it is important to understand 
the change in size, shape, surface and aggregation of Ag NPs after integrating with the 
selected polymer. Usually characterization of Ag NPs is carried out by the transmission 
electron microscopy (TEM), dynamic light scattering for the particle size analysis, Zeta 
Potential measurements and UV-Vis spectral analysis to check consistency of 
materials. 
2.2.1 Optical Properties 
For an efficient sensor, it is important that the optical properties are properly harnessed 
when we make use of metallic nanoparticles. We have studied the properties of gold 
nanoparticles and their efficiency in absorbing and scattering of light but silver is 
considered to be a better option when it comes to scattering of light. Apart from its 
extraordinary absorbing power, the colour of the AgNP depends on the size and shape 
of the particle. The extinction profile (scattering + absorption) of AgNP is 10 times its 
physical dimension. It is because of the strong scattering pattern that it is possible to 
view these particles in a normal microscopic device. When 60 nm Ag NPs are viewed 
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under a dark field microscope, they appear as bright blue point source scatterers, which 
is due to the LSPR peak at 450 nm wavelength.  
          In case of AgNP, the unique aspect is that, by changing particle size and local 
refractive index, the LSPR peak can be manipulated from 400 nm to 530 nm, which is 
a colour change from violet light to green light. By changing the shape from sphere to 
rod to plates, we can shift this LSPR from visible to infrared region of the 
electromagnetic spectrum. 
2.2.2 Surface Chemistry 
In a solution, there is an association of molecules and nanoparticles which establishes 
a double layer of charge helping it to stabilize the particle and stops from aggregating. 
For instance, there is a weak association of Ag NP when suspended in a dilute aqueous 
citrate buffer. The selection of this buffer is due to the fact that the weakly bound 
capping agent provides longer stability and so can be readily displaced by other 
molecules such as thiols, amines, polymers and proteins. 
 
2.3 Viscoelastic Behaviour of Polymers 
 
The property which plays a crucial role in developing such sensors is viscoelasticity in 
polymers. It is a combination of viscous and elastic nature of a material, when acted 
upon by an external pressure resulting in deformation. As will be discussed later, the 
sensor is produced by casting a film on a polymer and it is this polymer which will 




Figure 2.1 a) Stress–strain curves for a purely elastic material b) Stress-strain curve for 
a viscoelastic material.  
Source: https://en.wikipedia.org/wiki/Viscoelasticity. 
 
          Figure 2.1 shows the difference between an elastic and a viscoelastic material. 
The red area is a hysteresis loop and it shows the amount of energy lost (as heat) in a 
loading and unloading cycle. It is equal to ∮ 𝜎 𝑑𝜀 where 𝜎  is stress and  𝜀 is strain. In 
an elastic material, there is no loss of heat (energy) when the stress is applied and 
removed. In the case of a viscoelastic material, there is a heat loss during the 
deformation and the nature can be shown by looking at the hysteresis loop in Figure 
2.1(b). When stress is applied on the polymer, the area under the pressure undergoes a 
molecular rearrangement and that part of the long polymer chain changes its orientation 
and it is known as creep. This rearrangement will keep the solid formation intact even 
during application of stress and will create a back stress, which on removal of the 
original stress will help in getting the polymer back to its original form. 
          Viscoelastic materials can exhibit responses as featured by a solid and liquid. 
This is the reason why the mechanical properties of such materials depend on time, as 
it is the intrinsic nature of the material. The special characteristic of viscoelastic 
materials is that it has a memory of past forces experienced by the material, which 
retains for a longer period of time that eventually fades away. Thus, if pressure is 
applied on such materials, the amount of pressure will be stored by them.  
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2.3.1 Newton’s Law of Viscosity 
The materials which follow Newtonian fluid have a linear relationship between shear 
stress and shear strain. Only such materials will obey Newton’s law of viscosity. Every 
other material will be considered non-Newton fluids. Figure 2.2 shows the difference 
between the graphs of both these fluids.  
 
Figure 2.2 A plot of Shear stress τ vs Rate of Shear, showing the difference between 








          The law that governs this thesis is Newton’s law of viscosity and it is derived as 
follows: 
          We will begin with calculating shear stress by supposing that the area on the top 
in Figure 2.3 is under the influence of the shear stress, which is force per unit area 
A = δs × δx (2.1) 





angle ∅ defines shear strain, which is the deformation due to shear stress: 




If the particle at point E (Figure 2.3) moves under the shear stress to point E’ and it 
takes time t to get there, it has moved the distance x. For small deformations, we can 
write the following: 




















= 𝑢 is the velocity of the particle at E 
Now, shear stress is proportional to the rate of shear strain, we get 












           The constant of proportionality is known as the dynamic viscosity, 𝜇 of the fluid 
and gives us the equation known as Newton’s law of viscosity; that is: 





Thus, in Hook’s law, stress is linearly related to strain, whereas in Newton’s law for 
viscosity, stress is linearly related to the rate of change of strain or strain rate. [3] 
 
2.3.2 Kelvin-Voigt Model 
 
Figure 2.4 A schematic of Kelvin-Voigt model. 
Source: https://en.wikipedia.org/wiki/Kelvin%E2%80%93Voigt_material 
 
          Due to the viscoelastic behaviour of the material, we will mainly observe two 
types of phenomena: creep and stress relaxation. This work makes use of the 
mechanical model known as Kelvin-Voigt model to understand the creep behaviour of 
the polymers. [4] 
          This model is constructed using elastic springs and viscous dashpots. This elastic 
spring (Hookean) and Newtonian elastic spring are connected in parallel as shown in 
Figure 2.4.  
According to Hooke’s law in elastic spring: σ = Eε (2.9) 






           Here, the spring has the modulus E and a dashpot of viscosity η. Stress 𝜎 is 
applied constantly at 𝑡 = 0. Dashpot is a damper, acting by the virtue of viscous friction, 
to resist the displacement motion. The direction is opposite to the velocity, so that it 
resists the motion and absorbs the energy. Thus, due to dashpot, instantaneous extension 
is denied. Deformation occurs at a varying rate and after a time, depending on viscosity, 
spring reaches maximum extension. 
 





           As can be observed in Figure 2.5, the recovery occurs after the stress is removed. 
Thus, the stress for both the components will be as follows: 
For spring σ1 = Eε1 (2.11) 






Total stress and total strain are given by the summation of individual stress and strain. 
σtotal = σ1 + σ2 (2.13) 
εtotal = ε1 + ε2 (2.14) 
 
Thus, we end up getting total stress as, 























 has the dimensions of time and represents the rate of deformation and is also 



















where, ѓ is the retardation time. 
           The major limitation of this model is that it will not help in measuring the stress 
relaxation because at constant strain, a dashpot cannot relax. Thus, the 2nd term in the 
total stress formula will be 0 and thus the total stress will be only the value of stress due 
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to elastic spring. Thus, by the virtue of Kelvin- Voigt model and Newton’s law of 









































3.1 Fabrication of AuNP composite films 
 
 
Figure 3.1 Schematic of the formation of colorimetric stress responsive film by 








Figure 3.2 Illustration of film fabrication procedure and compression test results. 
 
Source: Colorimetric Stress Memory Sensor Based on Disassembly of Gold Nanoparticle Chains by 
Xiaogang Han, Yiding Liu and Yadong Yin. 
 
 
Fabrication of this film is a very crucial task as it will decide the parameters of pressure 
and time. It will also decide the applicability of the sensor. Figure 3.1 shows the 
schematic of the working principle of the sensor. Figure 3.2 describes an overview of 
how the AuNP forms a composite film with the polymers. AuNPs of the size 15nm 




3.1.1 Turkevich method – Sodium Citrate Sols 
This is a method of the synthesis of colloidal gold and is prepared by sodium citrate 
sols. This preparation is termed as the standard sodium citrate sol. It begins by heating 
a 95 ml. of chlorauric acid solution, which contains 5 mg Au, till it starts boiling. At 
this point, 5 ml of 1% sodium citrate solution is added and is mechanically stirred. By 
the end of 5 min, a dark coloured solution was prepared, which could be either greyish-
pink or greyish-blue, which eventually turned out to be deep wine red. Figure 3.3 shows 
the gold nanoparticles which are prepared by this method. The main feature about this 
preparation is that it is reproducible and the diameter spans around 200 ± 15 Å. Also, 
the root-mean-square deviation is of 12.5%. [9] 
 
Figure 3.3 Electron Micrograph of gold sol reduced with sodium citrate with a 
magnification of 50000 diameters. 
 
Source: A Study of the Nucleation and Growth Processes in the Synthesis of Colloidal Gold by John 




Figure 3.4 A plot of size distribution of a standard citrate sol. 
Source: A Study of the Nucleation and Growth Processes in the Synthesis of Colloidal Gold by John 
Turkevich, Peter Cooper Stevenson and James Hillie. 
 
 
          Figure 3.4 shows the distribution of the size of nearly 1046 particles prepared by 
this method. It has to be noticed that the distribution is not symmetrical, rather there is 
a peak around 200 Å. 
          There are different effects on the size of these particles under various 
temperature, concentration of reagents and the dilution of the solution. When the 
temperature is decreased by 10 ⁰ C, the time taken for the reaction to get completed 
increases by the factor of 2. The completion of reaction is being judged by the 
deepening of the colour. Also with that, the mean particle size and the root mean square 
deviation decreases. The effect of temperature is given in Table 3.1. [5] - [9]  
 
 
Table 3.1 The Effect of Temperature on the Sodium Citrate Sol [9] 







    
100 (Standard) 5 200 12.5 
80 25 165 8.1 








Figure 3.5 Outline of process of fabricating AuNP chain-polymer composite film. 
Source: Colorimetric Stress Memory Sensor Based on Disassembly of Gold Nanoparticle Chains by 
Xiaogang Han, Yiding Liu and Yadong Yin. 
 
 
           The overview of the fabrication process of Au NP composite film is shown in 
Figure 3.5. In this analysis, a slightly modified method of Turkevich is applied and for 
that, gold nanoparticles of 15 nm were used. Now, a ligand exchange process has to be 
performed. As the name suggests, it is a reaction in which one ligand in a complex ion 
is replaced by another one, which can be either the stronger one or more suitable for 
the requirement. Here, bis(p-sulfonatophenyl)-phenylphosphine (BSPP), a stronger 
ligand compared to citrate, is introduced to the surface of the Au NPs. [10][11] 
           The process of assembly starts from hereon. In the solution of ethanol, an iota of 
NaCl is added to increase the ionic strength of the solution. Because of this addition, it 
becomes easier to assemble the AuNPs into linear chains and due to this, the colour 
changes from ruby red to blue. The increase in ionic strength helps in linear assembly 
because it screens the electrostatic repulsion between particles and helps triggering it. 
           The next step is to produce a composite film. For that, Polyvinylpyrrolidone 
(PVP, MW = 360 000) was dissolved in the solution to form a viscous suspension. 
Removing solvent becomes important as the suspension has to be casted onto a glass to 
produce a composite film. The solvent is removed slowly by evaporation. The chemical 
synthesis of metal nanoparticles with well-controlled shapes, sizes, and structures is a 
practical reality. The major requirement seems to be the selection of a capping reagent 
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that is able to chemically modify various faces of a metal with an appropriate 
selectivity.  
           Polyvinylpyrrolidone (PVP) has high solubility in water and ethanol and that is 
the reason it has been selected as polymer matrix. Its optical absorption in the visible 
region is very low and it forms very good films. The use of coating nanoparticle with 
surfactant or polymer is to prevent agglomeration of the particles due to high surface 
energy of nanoparticles. It also controls the size of the particles during synthesis 
process. PVP acts as an additional capping agent and ascertains their homogeneous 
dispersion in the polymer without disturbing the chain structure of the matrix. [11]-[19] 
           After the assembly, we need to make sure that we can disassemble when 
necessary. This is being taken care of by the adhesion arising from the bonding between 
pyrrolidone groups and the gold surface. We notice that the colour of the Au NP chain 
is blue and that colour remains the same even after forming the Au NP-PVP composite 
film.  
 
Figure 3.6 UV-vis extinction profiles before and after pressing. 
 
Source: Colorimetric Stress Memory Sensor Based on Disassembly of Gold Nanoparticle Chains by 
Xiaogang Han, Yiding Liu and Yadong Yin. 
 
 
          Figure 3.6 shows that the composite film maintains its chain structure even after 
pressing. Before pressing, the coupling peak is in the visible range at 650 nm. The 
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composite films were checked after 30 days of storing it at 4 °C at 50% humidity and 
was observed that the extinction profile remained unchanged. [1] 
 
 
3.2 Fabrication of Ag NP Composite Films 
The procedure for the synthesis of uniform silver nanoparticles is by making use of 
sodium acrylate (SA) as reducing and stabilizing agent. In this synthesis of silver 
nanoparticles, Poly- (sodium acrylate) (PSA) has been used as a stabilizing agent 
prepared from silver salts using gamma radiation or chemical reduction. There is one 
more process discussed which prepares Ag NP using PVP and this will help in 
comparing the process with that of Au NP which is also fabricated using PVP. 
3.2.1 Preparation of Silver Nanoparticles using Sodium Acrylate 
An aqueous solution of AgNO3 (50 mL, 3 mM) was refluxed for 5-10 min under an 
argon atmosphere, and a warm (50-60 °C) aqueous solution of SA (25 mL, 160 mM) 
was added quickly. Reflux was continued until a yellowish-brown solution was 
obtained (approximately 30 min). This solution was filtered through 0.45 µm Millipore 
syringe filters to remove any precipitants, and the filtrate was stored at room 
temperature in the dark under an argon atmosphere.  
          Getting a narrow size distribution is the primary target in the preparation of the 
nanoparticle. In the case of Ag NP, it is a bit difficult to obtain the narrow size 
distribution as the colloidal silver is highly sensitive to oxygen. A starlike or leaflike 
structure is formed while preparing silver nanoparticles by the reduction of silver salts 
using gamma radiation in the presence of citrate. [20] 
           The experiment was able to overcome the stability issue of silver nanoparticles 
when prepared using sodium acrylate under anaerobic conditions and the synthesis of 
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stable Ag NP with characteristic plasmon resonance band at 432 nm and its TEM 




Figure 3.7 TEM micrograph of silver nanoparticles using sodium acrylate. 
 
Source: Preparation of Acrylate-Stabilized Gold and Silver Hydrosols and Gold-Polymer Composite 




3.2.2 Preparation of AgNP using PVP 
There are some fundamental differences of the effect of PVP on gold and silver. Thus, 
there are different implications on the structures of the Au NP-PVP and Ag NP-PVP 
composite films. When the Au NP is formed via reduction of HAuCl4, the concentration 
of PVP changes the UV-vis absorption, λmax, size and shape of the resultant AuNPs. On 
the contrary, when AgNO3 is reduced to prepare Ag NPs, the concentration of PVP 
changes only silver nanoparticle’s population density. The seeds of the crystal 
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structures control the shape specification of Ag nanoparticles, for example, cube, 
sphere, bipyramid, wire, etc. [21] 
          A mixture of N-methyl-2-pyrrolidinone, PVP and AgNO3 is heated at 200 ⁰ C 
for 120 minutes and by the end of the two hours, a colour change of the solution from 
colourless to dark brown was observed. Ag particles of 2 nm were observed in a TEM 
micrograph. They will serve as the seeds for further growth into larger Ag NPs. These 
seeds will only grow to form Ag nanospheres and so with the fabrication of Ag NP-




Figure 3.8 a) TEM image and size distribution of Ag NP from the nanocomposite films. 
b) A HR-TEM image of typical Ag NP. 
 
Source: Polymer-assisted preparation of metal nanoparticles with controlled size and morphology by 




Polymeric thin film composites consisting of nearly monodispersed silver and gold 
nanoparticles were fabricated via a one-step polymer-assisted technique, with PVP as 
the capping and reducing agents. This environmental friendly synthetic method is very 
simple; it involves minimum amount of organic solvent and requires a very short 
reaction time of less than 1 min. The morphological control of Au nanoparticles, from 
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tetrahedral to nanocubes to dodecahedral, is achieved by varying the concentration and 
molar ratio between the metal precursor and polymer. Following the same procedure 
for the synthesis of Ag nanoparticles, we find perfectly single crystalline, spherical Ag 
NPs with a very narrow size distribution. These composite thin films, with 
homogeneously dispersed nanoparticles, exhibit optical properties that are closely 
associated with that of the pure nanoparticles and they could have commercial 
implications in nonlinear optics and antimicrobial surfaces. [22] 
 
 
3.3 Characterization of Au NP 
 
Optical absorption profiles of the films were measured using a Varian Cary 50 UV-Vis 
spectrophotometer. The area change of the sample was determined by taking digital 
images of the sample before and after the compression test, with a ruler to reference the 
scale followed by measuring the size of the sample from the images. The thickness of 
the sample was measured using a micrometer. TEM measurements were performed on 




Figure 3.9 UV-visible spectra of polymer-stabilized gold nanoparticles before and after 
thin film formation. 
Source: Preparation of Acrylate-Stabilized Gold and Silver Hydrosols and Gold-Polymer Composite by 




3.4 Characterization of AgNP 
 
Transmission Electron Microscopy (TEM), Scanning Electron Microscopy (SEM) and 
Atomic Force Microscopy (AFM) are the analytical techniques used to measure shape 
and size of metal nanoparticles. Dynamic Light Scattering (DLS) or analytical disc 
centrifugation are the techniques used to measure the aggregate state by measuring the 
effective size of the particles in the solution. The spectral properties of the silver 
nanoparticles in the solution can be analysed if we want to know more about the silver 




Figure 3.10 Extinction (scattering + absorption) spectra of silver nanoparticles with 





            The plasmon resonance peak depends on the diameter of the silver nanoparticles 
and the spectral response of different diameter is shown in Figure 3.10. With the 
increase in diameter, there is a red shift of the peak of plasmon resonance and it 
broadens. As longer wavelengths, there comes a point after which if the wavelength 
increases, there comes a 2nd peak which is due to the quadrupole resonance which has 
different electron oscillation pattern than primary dipole resonance. Every plasmonic 
nanoparticle with a specific size and shape has a unique peak wavelength, peak width 
and effect of secondary resonances which acts like their fingerprint. Also, nanoparticles 
change over time and they can be monitored using UV-vis spectroscopy. Individual 
nanoparticle acts differently than the way they act while aggregated. This is because 
the aggregation causes the NPs to electronically couple with each other and it has 
different surface plasmon resonance than the individual particle. The coupled 
nanoparticles will be red shifted than the individual particles and the intensity will be 
seen increasing towards the red/infrared region of the spectrum.  
 
           Figure 3.11 shows this effect. With the addition of saline, the optical response 
of AgNP destabilizes. Carefully monitoring the UV-Visible spectrum of the silver 
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nanoparticles with time is a sensitive technique used in determining if any nanoparticle 




Figure 3.11 Extinction spectra of silver nanoparticles after the addition of a 






































The selection of the candidate and its applicability mainly depends on the spectral 
analysis of the particle. We analysed the preparation procedure of the Au NP and Ag 
NP, the fabrication of the composite film, the size and shape. 
           Au NPs have been intensively studied as the technological advancement is more 
on this front. The unique part of this study is to understand and apply the knowledge 
from the extinction profiles of Ag NPs to see whether it can substitute the already 
existing Au NPs.  
          The noble metal nanoparticles exhibit this unique optical property in which when 
the incident light has a frequency similar to the excitation of the collection of electrons 
in the conduction band, a band is observed in UV-visible range usually and this band is 
named excitation band. After going through various procedures and experimentation, 
the extinction profiles are usually affected and this will help us in knowing whether the 
respective candidates (Au NP and Ag NP) are useful for any specific application. [23] 
 
 
4.1 Optical and Spectral Analysis of Au NP Films 
 
In order to study the spectral characteristics of Au NP, firstly they are subjected to a 
compression test which will change their dimensions and shape of the film. This will 













4.1.1 Compression Test of Au NPs 
 
The films prepared had an area of 3 mm2 with the thickness of 0.25 mm and they were 
cut into circular pieces by a homemade puncher. Now, to initiate the compression test, 
the circular films were first introduced in the compressor and forces were applied for a 
constant period of time with a force gauge. The force is calculated by the initial pressure 
in a given area. Also, it was necessary to study if the shape change affects the extinction 
profile of the film. For this, the morphology and extinction profile of the film, before 
and after pressing the film, was studied. Figure 4.1 shows the comparison of the 
profiles. The measurements were taken by dissolving the films in water and then taking 
optical measurements and performing TEM. 
          The extinction profiles of the film, before and after pressing, show an absorption 
peak at 520 nm and the morphologies showed no difference in the TEM images. This 
is also supported by a strong similarity of the profiles of isolated Au NPs, both before 




Figure 4.1 Extinction profile before and after pressing the film. 
 
Source: Colorimetric Stress Memory Sensor Based on Disassembly of Gold Nanoparticle Chains by 
Xiaogang Han, Yiding Liu and Yadong Yin 
 
 
          A colour change from blue to ruby red was observed after an application of 1.6 
x 105 psi to the film for 1 min. In the previous chapter, we observed (Figure 3.6) the 
extinction spectrum of the film after the pressure is applied and it was observed that the 
absorption peak was at 530 nm with a small shoulder, which corresponds to the 
transverse mode of the plasmon resonance. These experiments support the initial claims 
that the plasmon band shift is solely due to disassembly of Au NP chains during the 
film deformation. [1] 
           If the intensity of pressure and the duration of the applied stress are increased, 
then there is an increase in probability that the viscous deformation is irreversible. This 
is by the virtue of Equation 1.1. To make sure that these two parameters create 
considerable difference, it is necessary that there is a proper adhesion between PVP and 
Au NPs and only then the disassembly will have a proper effect. This was tested by 
applying various pressures on the film for 1 min and the results showed a consistent 
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blue shift of the plasmon peak with increase in the applied pressure. Also, there is a 
dampening of the peak with increase in applied pressure. Figure 4.2 shows the results 
of the investigation. If the pressure is kept increasing, then there will be a point when 
the spectrum of the film overlaps with the spectrum of the isolated Au NPs and makes 
it indistinguishable. This happens to be around 530 nm. [1] 
 
 
Figure 4.2 The UV−vis extinction spectra of a typical composite film after 
experiencing different pressures for a fixed application time (1 min). 
 
Source: Colorimetric Stress Memory Sensor Based on Disassembly of Gold Nanoparticle Chains by 
Xiaogang Han, Yiding Liu and Yadong Yin 
 
 
         To confirm the change in plasmon band positions, continuous wavelet transform 
(CWT) was used to analyse the spectra for the overlapping signals and this spectra of 




Figure 4.3 The CWT of the spectra. 
 
Source: Colorimetric Stress Memory Sensor Based on Disassembly of Gold Nanoparticle Chains by 
Xiaogang Han, Yiding Liu and Yadong Yin 
 
 
         With increase in pressure, there will be an increase in the area and decrease in the 
thickness and ultimately this results in a change in density. This was calculated at some 
approximation as an expansion in area by 61% than the initial area and decrease in 
thickness by 42%, with an enhanced density of nearly 8%. But the density did not 
change on increase of pressure; so it was just restricted to initial small pressure. Now, 
it has been stated initially that the deformation has to be inelastic in order to memorize 
the stress. Before reaching that point of inelastic deformation, it passes through an 
elastic deformation and this is the reason for initial density expansion at mild pressure. 




Figure 4.4 Physical deformation profiles of the films after being subjected to various 
pressures for 1 min. 
 
Source: Colorimetric Stress Memory Sensor Based on Disassembly of Gold Nanoparticle Chains by 




Figure 4.5 Plot of coupling peak position shift for films experiencing different 
pressures and application times (1 and 5 min). 
 
Source: Colorimetric Stress Memory Sensor Based on Disassembly of Gold Nanoparticle Chains by 
Xiaogang Han, Yiding Liu and Yadong Yin 
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          Figure 4.5 shows that the coupling peak position and the amount of blue shifts 
remain consistent with a fixed amount of time. It can be seen that, with greater amount 
of deformation, there will be greater extent of blue shift and dampening. Basically, with 
an increased amount of stress, the amount of deformation increases and the inter particle 
distance keeps on increasing. Because of that, the plasmon band shifts more due to an 
increased amount of displacement of Au NPs. [1] 
 
4.1.2 Effect of Elastic Deformation 
 
The effect of elastic deformation has other implications at the early stages of 
compression. A mild pressure of 7 x 103 psi for 1 min will force the coupling peak to 
be red shifted rather than blue shift and the peak changes from 649 to 664 nm due to 
elastic deformation. The vertical compression at the initial stage would increase the 
thickness by 3.7% instead of decreasing and the lateral expansion is less, with 2.4% 
change in area. The reason for red shift is that initially, the compression decreases the 
inter-particle distance, with an increase in the order of Au NP chain and the coupling 
effect strengthens. Because of this, the peak shifts to longer wavelength. [1] 
           Basically, when the film is under stress, the Au NPs undergo a combination of 
elastic and inelastic deformation and thus might move closer to each other. This will 
result in an increase in the coupling interaction. Inelastic deformation has a major effect 
at higher pressure, resulting in blue shifting the plasmon peak due to the lateral polymer 
flow causing the separation of AuNPs in the chain. A red-shift can be noticed 
approximately around 530 nm due to increased isolated Au NPs at higher pressures. 
Figure 4.5 shows an important result, where the applied pressure is kept constant but 
the duration of stress is increased from 1 to 5 min, resulting in a significant blue shift 
of the peak. This is not only restricted to just high pressure, but even a mild stress for a 
longer duration can result in a considerable colour change with large band shifts. 
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4.2 Disassembly of Au NPs 
 
After reporting the complete process from the nature of gold NPs to the process of their 
production to their assembly to their casting to a polymer to the extinction profiles, we analyse 
the main aspect of this thesis. It is the disassembly of the AuNPs that causes the extinction 
profile to shift and results in the colour change of the film. So understanding disassembly and 
how it causes the colour change plays a major role. The unique property of this film, compared 
to other mechanochromic materials, is that the film memorizes the stress. This is caused by the 
inelastic deformation of the polymer, that causes the assembly to spread out and so it becomes 
necessary to understand the consequences of disassembly.  
          To begin with, there should be a pre-defined value of the duration of stress application 
and the strength of applied pressure for a particular type of composite film. This will give a 
range in which the film is useful for a corresponding application. The usage of such films are 
usually in the day to day commodities and they would usually fall under room temperature or 
lower temperature. PVP loosens up only if the temperature is considerably high and so it is 
usually very hard at room temperature. This makes it difficult to deform under mild pressure. 
Thus, only a considerably high pressure would cause an inelastic deformation and so it is a 
major hurdle to widen the pressure range. To achieve this, we can either lower the hardness or 
decrease the viscosity by doping PVP with plasticizers that will increase the fluidity.  
 
          It is a known fact that the proton donors, i.e. –OH groups donate H to the 
acceptors to form carbonyl group by forming H-bonds. It is because of this reason that 
PVPs are miscible with the hydroxyl group which are contained in small molecules. 
These molecules, when added in PVP, help in decreasing the viscosity and make it more 
fluidic. There are various molecules which fit this purpose but after analysing couple 





4.2.1 Effects of PEG 
 
The plasticizer, well suited for this application, is PEG-400. Figure 4.6 shows the 
chemical structure of PEG. It has a hydrophilic property and is soluble in water, 
acetone, glycerine, glycol and in few aliphatic hydrocarbons. Care is to be taken when 
molecules are added in the polymer as they are more likely to disturb the assembly of 
nanoparticles. But, the addition of PEG does not interfere with the structure of Au NPs 
and it gels in with PVP easily. PEG 400 is in fact miscible with other polymers and is 
widely used. Figure 4.7 shows the miscibility of PEG 400 with other polymers and with 
PVP. It shows that the miscibility of PVP is the least, in a way that it is miscible enough 
to not destroy the polymer and there remains some solidity in order to sustain its form.  
 
                        
 
Figure 4.6 Chemical Structure of PEG 
 






Figure 4.7 Miscibility of PEG with MCC, HPMC and PVP 
Source: Polymer-plasticizer compatibility during coating formulation: A multi-scale investigation by 
 A. Jarraya, V. Gerbauda, M. Hemati 
 
 
          The fluidity of PVP is directly proportional to the amount of PEG added. So more 
the content of PEG-400, higher will be its fluidity. With the increase in fluidity, the 
composite film will be more responsive to the external pressure. This will result in the 
change in the optical property of the composite polymer film. [27] 
          We have already analysed the effect of the application of pressure of 1.6 x 104 
psi for a duration of 1 min on the composite film. Now, after doping the film, the 




Figure 4.8 UV-vis extinction spectra (left) and their CWT profiles (right) for films 
doped with different amounts of PEG before (dot) and after (line) being treated with 
1.6 × 104 psi of pressure for 1 min 
 
Source: Colorimetric Stress Memory Sensor Based on Disassembly of Gold Nanoparticle Chains by 
Xiaogang Han, Yiding Liu and Yadong Yin 
 
 
          The plot of the effect on extinction profiles by the addition of PEG shows that 
the blue shift of coupling peak without doping is from 649 to 635 nm. When doped with 
just 1% PEG, the blue shift is from 646 to 627 nm. This shift increases when doped in 
more quantity, i.e., when doped with 11% PEG; the shift is from 636 to 591 nm. Thus, 
on an increased amount of PEG doping, the disassembly is even more pronounced.  
           With different amounts of doping, the optical properties of the composite film 
highly depend on the applied pressure. This result can be seen in Figures 4.9 and 4.10. 
The PEG contents vary from 1 to 17%. If the doping content is increased more than 
17%, then the film becomes extra fluidic and then there will be no well-defined shape 
and consistency of the film. Also, it has to be noticed that, in Figure 4.9, when the film 
is not doped with PEG, the optical activity starts only at a higher pressure. We can 
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observe that if a pressure of 1.6 x 104 psi is applied to the film without the doping, the 
coupling peak will be shifted to around 583 nm. But, if the film is doped with 17% 
PEG, then with only 1/10 amount of pressure, the peak is shifted to 577 nm. 
 
 
Figure 4.9 Plot of pressure-dependent coupling peak shift for films doped with 
different amounts of PEG (press time is 1 min). 
 
Source: Colorimetric Stress Memory Sensor Based on Disassembly of Gold Nanoparticle Chains by 
Xiaogang Han, Yiding Liu and Yadong Yin 
 
 
Figure 4.10 Digital images of films doped with 11 wt % PEG after experiencing 
different pressures for 1 min. 
 
Source: Colorimetric Stress Memory Sensor Based on Disassembly of Gold Nanoparticle Chains by 
Xiaogang Han, Yiding Liu and Yadong Yin 
 
 
         Not only the disassembly increases with the doping, but also the sensitivity of 
deformation and this can be seen in Figure 4.11. Along with it, it has to be noticed that 
even the coupling peak shifts with the amount of PEG. With similar shift in the peak, 
the deformation was also found to be of the same extent. This was unique because it is 
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related to different amount of PEG loadings. Thus, with different amount of PEG 




Figure 4.11 Deformation profiles of films without and with 17 wt % PEG doping 
under different pressures for 1 min. 
 
Source: Colorimetric Stress Memory Sensor Based on Disassembly of Gold Nanoparticle Chains by 
Xiaogang Han, Yiding Liu and Yadong Yin 
 
 
          When investigated, the film without PEG doping underwent a 61% expansion in 
area and a plasmonic shift to 583 nm after experiencing 1.6 × 105 psi of pressure, while 
the one doped with 17 wt % of PEG showed a 66% change in area and a plasmonic 
shift to 577 nm after being subjected to 1.6 × 104 psi of pressure. This fulfils the relation 
of extent of disassembly equivalent to the extent of film deformation. Thus, with the 
amount of plasticizer, polymer films with different degree flexibility can be made to 












STUDY AND ANALYSIS OF SILVER NANOPARTICLES 
 
 
5.1 Extinction Profile of Silver Nanoparticle Array 
 
5.1.1 Silver Nanoparticle Size and Absorbance Spectra Characteristics 
Extinction profiles describe how light or radiation would interact when incident upon 
matter. When radiation interacts with matter, it first undergoes absorption and then it 
might emit the same light. Both these processes are different and they depend on the 
material. The combined effect of this absorption and scattering of light can be 
understood by the extinction coefficient.  
          In case of silver nanoparticle, it is the size that will decide how the profile is 
formed. Figure 5.1 shows two different Ag NP sizes and how the extinction profiles 
differ. Figure 5.2 shows many other sizes of Ag NP and we can see that the wavelength 
increases with increase in size. Volumetric cross-section is the key part when it comes 
to silver nanoparticles. To support this, if any two sizes of AgNPs are selected and with 
their help, we populate the given volume, then the extinction spectra will be seen to 




Figure 5.1 3 UV-visible spectra and example HR-TEM images of 19.0 nm (solid line 
and upper image) and 74.8 nm (dashed line and lower image) citrate-capped silver 
nanoparticles. 
Source: Rapid method to estimate the concentration of citrate capped silver nanoparticles from UV-
visible light spectra D. Paramelle, A. Sadovoy, S. Gorelik, P. Free, J. Hobley, and D. G. Fernig 
 
Figure 5.2 Exemplar UV-visible spectra of citrate-capped silver nanoparticles. 
Diameters of nanoparticles (expressed as %volume distribution, determined by HR-
TEM) in increasing wavelength of max are: 19.0 nm, 30.4 nm, 57.0 nm, 64.1 nm, and 
95.3 nm, respectively. 
Source: Rapid method to estimate the concentration of citrate capped silver nanoparticles from UV-
visible light spectra by D. Paramelle, A. Sadovoy, S. Gorelik, P. Free, J. Hobley and D. G. Fernig 
 
 
          Apart from the particle size, even the scattering of extinction coefficients plays a 
vital role in obtaining the final extinction profile. In order to get the value of absorbance, 
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we use Beer Lambert law and if the sample is diluted, then the result fits accurately in 
the case of Ag NP. The effect of scattering and absorbance will have the same effect at 
particle size of 52 nm. [29]  
          The experiments were conducted to measure spectra, at size 50 nm and lower, in 
order to define optimal concentrations of a given sample with different dilutions. This 




Figure 5.3 Comparison between intensity of maximum absorbance of solutions at 
different concentrations for measured (black squares) and simulated (black circles) 
absorbance for 45.9 nm nanoparticles. 
 
Source: Rapid method to estimate the concentration of citrate capped silver nanoparticles from UV-
visible light spectra by D. Paramelle, A. Sadovoy, S. Gorelik, P. Free, J. Hobley, and D. G. Fernig 
 
 
          We can see from the Figure 5.3, that the point at which absorbance intensity for 
the maximum peak overlaps is between 0.3 and 0.4. So, this is the range in which the 
calculations and measurement of absorbance were carried out. The size is restricted to 




          The tests were also carried out for larger Ag NPs to understand the effects of a 
wide range of Ag NP sizes. It was found out that the closeness of the absorbance and 
fitting curve of diluted Ag NP solution was found to be below 0.3 but it was not as 
accurate as it was found in terms of sizes below 50 nm. Thus, if we are interested in Ag 
NPs with a size larger than 50 nm, then the absorbance value has to be chosen to be 
equal to ~0.3. The validation of this concept is explained below and the results have 
been used from the literature. [29] 
          Using 50 nm and 80 nm silver nanoparticles, the spectrometer (Molecular Probes 
Spectramax 384) absorbance (below 0.3) was validated against two other 
spectrometers; Shimadzu UV-3600 (2nm slit width) and Ocean Optics USB-4000 (no 
slit setting, but with a resolution of 1.5 nm/pixel). Five different samples, prepared on 
different days, gave an absorbance S.D. of 5.8%. Using the Spectramax 384 for 
calibration of Methylene Blue in water gave a peak extinction coefficient of (7.34 ± 
0.11) x 104 M-1 cm-1 from three separate dilutions; these are comparable to the average 
values from of a range of literature. [30] – [33] 
 
 
5.1.2 Scattering from One-dimensional and Two-dimensional Arrays 
 
The inter-particle spacing plays a crucial role in determining the outcome of the 
interaction. While considering 1D or 2D arrangement, there will be considerable 
amount of electromagnetic coupling between the particles over the complete array. The 
other factors that has an influence over the spectra are, coupling interactions and 
polarization of the incident light. [34] - [38] 
 
          We discusse the near field and far field plasmon effects and how the particle 
spacing dictates the results. In Ag NP, it causes a significant variation in terms of optical 
response and it is also due to the dipole orientation in the population. If the coupling is 
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due to parallel but non-collinear dipoles, then there will be a blue-shift in the plasmon 
wavelengths, whereas if the dipoles are parallel and collinear, then it will be red shifted.  
          This analysis is directed towards getting a better candidate in terms of chromic 
response so that the sensors are designed accordingly. Thus, for 2D arrays, we have to 
consider dipole interactions which leads to red shift due to the resonance. [39] But, the 
usual norm breaks in terms of electrostatics when we think of an arrangement when the 
particle spacing exceeds 70 nm. In this case, the long range electrodynamic interactions 
take over. This knowledge helps in designing the array structure so that the spectra is 
directly influenced by this array and the detection can be applied according to the 
specific range. 
          In order to design array and structures, several numerical methods have been 
developed. These methods include the following: the discrete dipole approximation 
(DDA) [40] [41], the multiple multipole method (MMP), [42] the finite difference time 
domain method (FDTD) [43] and the T-matrix method [44]. The details of the method 
are described below. [45] 
 
          The DDA method (also called the volume discretization method) divides the 
object into a large number of polarizable cubes. The induced dipole polarizations in 
these cubes are determined self consistently, and then, the optical properties are 
determined using the induced polarizations. The MMP method separates the field 
domain into a number of subdomains and then solves the differential equations in each 
subdomain analytically and matches the boundary conditions between different 
domains numerically, that is, via least-squares fitting.  
          FDTD methods discretize the entire volume of the scatterer to numerous Yee 
cells and then solve Maxwell’s equations as a function of time numerically. The T-
matrix method expresses the fields inside and outside the object as expansions in vector 
spherical harmonics and then does exact matching within the subspace of the spherical 
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harmonic basis by projecting the matching equations onto the basis. These numerical 
methods have enabled the computations of surface plasmon resonances for complex 
geometrical configurations and the inclusion of particle interactions at a high level. [46] 
[47] 
          The literature further elaborates the numerical methods and the electrodynamic 
model to obtain the extinction spectra. Also, the geometrical clusters were established 
on the basis of numerical simulations in terms of infinite two-dimensional arrays. [45] 
But, in this thesis, the focus will be on analysing the results gathered from the 
calculations and will be interpreted in current application. To compare the results, the 
calculations are just based on T-matrix and coupled dipole methods to get the extinction 
spectra for both the types of arrangement.  
          The result is for silver nanoparticles with a radius of 5 and 30 nm and are 
spherical in shape. Array spacing is of prime importance on which the results have been 
established. According to it, if the spacing D/2r is greater than unity, the spectra of the 
array described by the dipole approach can be described accurately. As the spacing 
approaches unity, the results improve and this can be achieved by choosing the array 
dimensions to be smaller. The study in this research mainly involved variation of dipole 
plasmon resonance wavelength and width by virtue of examining various particle size, 
array spacing, array symmetry and polarization direction.  
          For one-dimensional array, if the polarization is perpendicular, the wavelength 
blue shifts and in case of parallel arrangement, the wavelength red shifts. But, the width 
of the extinction spectra spreads out in case of both perpendicular and parallel 
polarization. [45] It has been stated that, blue shift in this case is not important. 
In case of 2D array, if the spacing is greater than 75 nm and the polarization is parallel, 
the plasmon resonance blue shifts. This is because the array spacing decreases in that 
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case. But, if the spacing between particles is smaller than 75 nm, the plasmon resonance 
red shifts. 
          Apart from spacing, even the density carries significant importance in 
determining the plasmon peak and extinction spectra. The spectra spread out if the 
density is increased for spacing smaller than 180 nm, while the peak is sharper for the 
spacing greater than 180 nm. The square or hexagon or any other symmetry does not 
dictate the change in array spectrum.  
          The data for all the above observations has been shown below in the form of 
various plots. This includes all the changes that resulted from changing particle size, 
densities, blue shift and red shift. All the data has been assumed to be accurate and the 
necessary predictions will be made based on the data given in other reference. [45] 
 
Figure 5.4 Variation of extinction spectrum for linear chain of 30-nm spheres with 
D/(2r) chosen to be 5, 2, 1.5, 1.25, and 1.01: (a) T-matrix results for parallel 
polarization; (b) CD results for parallel polarization; (c) T-matrix results for 
perpendicular polarization; (d) CD results for perpendicular polarization. Also included 





Figure 5.5 Variation of extinction spectrum for linear chain of 5-nm spheres with 
D/(2r) set to be 5, 2, 1.5, 1.25, and 1.01: (a) T-matrix results for parallel polarization; 
(b) CD results for parallel polarization; (c) T-matrix results for perpendicular 
polarization; (d) CD results for perpendicular polarization. Also included in each plot 





Figure 5.6 Extinction of one-dimensional chain using CD approach to simulate T-




Figure 5.7 Variation of extinction for two-dimensional array of 30-nm spheres with 
different D/(2r) obtained from T-matrix multipole calculation: (a) results for square 
structure, N fixed; (b) results for square structure, fixed array size; (c) results for 
hexagonal structure, fixed array size; (d) comparison of ìmax obtained for these three 
structures. Also included in each plot is the result for a single sphere. Note that a 
different wavelength scale is used in panels a-c. 
 
          The above stated optical behaviour for 2D array, based on the numerical methods 
and comparison with simulations, showed that blue shifts are due to the long range 
radiative dipolar coupling. Also, sharp peaks are observed for large spacing in this case. 
Red shifts in plasmon coupling is due to the short range dipolar coupling, along with 
the broadening of the spectra for small spacing.  
          Finally, the optimal blue shifts and narrowing are found when the array spacing 
is slightly smaller than the plasmon wavelength, while red shifts and broadening can be 
found for spacing much smaller than the plasmon wavelength. The 1/r term plays a less 
important role for one dimensional chains, and as a result, the plasmon wavelength 
shows a monotonic dependence on array spacing. 
          The shape of the nanoparticle also exhibits peak in different regions and 
depending on the target region (in our case visible region), we can use different sizes 
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and shapes of Ag NPs. Figure 5.8 shows the plots of UV-vis spectra of different 




Figure 5.8 Calculated UV-vis extinction (black), absorption (red), and scattering (blue) 
spectra of silver nanostructures, illustrating the effect of a nanostructure’s shape on its 
spectral characteristics. An isotropic sphere (A) exhibit spectra with a single resonance 
peak. Anisotropic cubes (B), tetrahedra (C), and octahedra (D) exhibit spectra with 
multiple, red-shifted resonance peaks. The resonance frequency of a sphere red-shifts 
if it is made hollow (E), with further red-shift for thinner shell walls (F). 
 
Source: Maneuvering the Surface Plasmon Resonance of Silver Nanostructures through Shape-
Controlled Synthesis by Benjamin J. Wiley, Sang Hyuk Im, Zhi-Yuan Li, Joeseph McLellan, Andrew 





5.2 Comparison of Various Data Between Ag NPs and Au NPs 
 
The UV-vis absorption spectra of gold and silver nanoparticles, of an aqueous solution 
using sodium acrylate, have been compared and shown in Figure 5.9. 
 
 
Figure 5.9 UV-visible absorption spectrum of an aqueous solution of gold and silver 
nanoparticles formed using sodium acrylate (SA). 
 
Source: Preparation of Acrylate-Stabilized Gold and Silver Hydrosols and Gold-Polymer Composite 
Films by Irshad Hussain, Mathias Brust, Adam J. Papworthcand Andrew I. Cooper. 
 
          The comparison of AuNP-PVP and AgNP-PVP has been shown in Figure 5.10 














Figure 5.10 Solid state UV-vis spectra of the AgNPs–PVP nanocomposite films with 
weight ratios of AgNO3 to PVP, [AgNO3/PVP] ¼ (a)1 : 3.5, (b) 1 : 7, and (c)1 : 14. 
The inset shows the typical optical image of AgNPs–PVP nanocomposite film on slide 
glass. 
 
Source: Polymer-assisted preparation of metal nanoparticles with controlled size and morphology by 
Sea-Ho Jeon, Ping Xu, Bin Zhang, Nathan H. Mack, Hsinhan Tsai, Long Y. Chiangb and Hsing-Lin 
Wang 
 
Figure 5.11 Solid state UV-vis spectra of the AuNPs–PVP nanocomposite films with 
weight ratios of HAuCl4 to PVP, [HAuCl4/PVP] ¼ (a) 1 : 1.5, (b) 1 : 2, and (c) 1 : 4. 
The inset shows the optical images of AuNPs–PVP nanocomposite films on slide 
glasses. From the left side, optical images corresponding to (a), (b), and (c). 
 
Source: Polymer-assisted preparation of metal nanoparticles with controlled size and morphology by 
Sea-Ho Jeon, Ping Xu, Bin Zhang, Nathan H. Mack, Hsinhan Tsai, Long Y. Chiangb and Hsing-Lin 
Wang. 
 




Figure 5.12 UV-Visible absorption spectra of silver nanoparticles at various reactant 
temperatures:(a) 808C, (b) 1008C and (c) 1208C. 
 
Source: Optical and thermodynamic studies of silver nanoparticles stabilized by Daxad 19 surfactant by 
Nurul Akmal Che Lah, Mohd Rafie Johan. 
 
          Apart from the observations above, other references from the literature were also 
used to validate these results and to analyse how closer are the values for absorbance 
peaks. Plots were analysed from other materials and the data were acquired. This is 
shown in Table A1 in the Appendix A. [28] The difference in the obtained results have 
been shown in Figures 5.13 and 5.14. In all the analysis done until now, this holds 
utmost importance as it shows the value of absorbance peak with respect to the 
diameter. The size plays an important role since for designing sensors, it becomes 





Figure 5.13 Absorbance peaks for silver nanoparticles obtained experimentally (empty 
circles), manufacturer supplied information (black triangles) and simulated (empty 
squares) are shown. x-error is the S.D. of the diameter. 
 
Source: Rapid method to estimate the concentration of citrate capped silver nanoparticles from UV-
visible light spectra by D. Paramelle, A. Sadovoy, S. Gorelik, P. Free, J. Hobley, and D. G. Fernig. 
  
 
Figure 5.14 Position of the surface plasmon resonance peak (λspr) as a function of the 
particle diameter for AuNPs in water: calculated (circles); experimentally measured 
(downward pointing triangles, commercial AuNPs; upward-pointing triangles, in house 
synthesized AuNPs). An exponential fit to the theoretical (experimental) data for d > 
25 nm is shown as a dotted (dashed) line. 
 
Source: Determination of Size and Concentration of Gold Nanoparticles from UV-Vis Spectra by 








CONCLUSIONS AND RECOMMENDATIONS 
 
 
This analysis is based on the application of optical properties of metal nanoparticles in 
sensor technology. The concept behind this application is that when pressure is applied 
on a film, which is designed with the help of nanoparticles, it can be measured or 
observed visually by realising the colour change of the film. Silver and gold 
nanoparticles have been used to produce new classes of chemical, biological and optical 
sensors, in which aggregation – induced electromagnetic interactions between the 
particles results in colour change that signals detection.  
          This thesis has been structured in a way that a rigorous study on Au NPs has been 
done by reviewing the literature and analysing the data. The data were studied in order 
to understand the factors which play a major role in developing this technology. After 
understanding the concept behind the technology, an analysis of silver nanoparticles 
was conducted. This analysis included details that would be needed to understand 
whether or not the particle fulfils the basic criteria. Particle size, shape, density, spectral 
characteristics, effect of temperature, particle spacing, polymer material and all related 
properties were studied in terms of Ag NPs; the results were then compared with that 
of already existing technology and particles used for it, i.e. Au NPs.  
          The aim of this study was to know whether or not, silver nanoparticle is a better 
and suitable candidate for sensor applications in terms of usability, expense, market 
requirements and production.  
 
          Silver has many advantages over gold in terms of usability, costing and its effect 
on environment and humans. For the same reason, silver nanoparticles are extensively 
used in medical applications because they have a high surface area per unit mass. There 
will be a release of silver ions in the environment continuously because of its surface 
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area and as they are bioactive, they have various antimicrobial properties against 
bacteria. We can develop applications of wide range of silver ion profiles, by 
controlling the size, shape, surface and agglomeration state of nanoparticles. The 
optical properties, high electrical conductivity and the antimicrobial properties are the 
main reason for silver nanoparticles to be one of the most commonly used particles. 
 
         The difference becomes visible in terms of LSPRs of Ag NP which shows a better 
response. They can be tuned from 380 nm in the Ultra Violet to Infrared at 6000 nm by 
only varying size and shape with the maxima of triangles, blunted triangles and 
hemispheres of comparable sizes at 623, 532 and 432 nm, respectively. Also we 
observed that the gold nanoparticle has to be of very specific size so that the plasmon 
peak falls in the visible region. For example, gold nanoparticles of 20nm spheres have 
their LSPR peak at 520 nm which is of red colour.  
          In a nutshell, a stress-responsive colorimetric film that can memorize stress was 
studied using AuNPs. Plasmonic shift caused by disassembly of nanoparticle chains 
emits light which is in the visible region. Disassembly was a result of the deformation 
of the polymer on which it has been casted. The deformation is inelastic and thus it 
never returns to its original form and thus the stress experienced by the film remains as 
it is and the colour imparted during the plasmonic shift stays as it is. The major target 
of the thesis was to see if the AgNPs can replace AuNPs and after detailed comparison 
and analysis, the use of AgNPs looks much more promising and it should be a major 
















Absorbance peaks for silver nanoparticles obtained experimentally (empty circles), 
manufacturer supplied information (black triangles) and simulated (empty squares) 
shown in the table below. 
 
 







































































Position of the surface plasmon resonance peak (λspr) as a function of the particle 
diameter for AuNPs in water: calculated (circles); experimentally measured (downward 
pointing triangles, commercial AuNPs; upward-pointing triangles, in house synthesized 
AuNPs) shown in the table below. 
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